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Abstract - Carnosine and structurally related dipeptides are a group of 
histidine-containing molecules widely distributed in vertebrate organisms and 
particularly abundant in muscle and nervous tissue. Although many theories 
have been proposed, the biological function(s) of these compounds in the 
nervous system remains enigmatic.
The purpose of this article is to review the distribution of carnosine-related 
dipeptides in the mammalian brain, with particular reference to some cell 
populations wherein these molecules have been demonstrated to occur very 
recently.
The high expression of carnosine in the mammalian olfactory receptor neurons 
led to infer that this dipeptide could play a role as a 
neurotransmitter/modulator in olfaction. This prediction, which has not yet 
been fully demonstrated, does not explain the localization of carnosine-related 
dipeptides in other cell types, such as glial and ependymal cells.
A recent demonstration of high carnosine-like immunoreactivity in the 
subependymal layer of rodents, an area of the forebrain which shares with the 
olfactory neuroepithelium the occurrence of continuous neurogenesis during 
adulthood, supports the hypothesis that carnosine-related dipeptides could be 
implicated in some forms of structural plasticity.
However, the particular distribution of these molecules in the subependymal 
layer, along with their expression in glial/ependymal cell populations, suggests 
that they are not directly linked to cell migration or cell renewal. In the absence
of a unified theory about the role of carnosine-related dipeptides in the nervous
system, some common features shared by different cell populations of the 
mammalian brain which contain these molecules are discussed.
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1. INTRODUCTION
1.1. Carnosine And Carnosine-related Dipeptides
Carnosine is the archetype of a series of compounds referred to as aminoacyl-
histidine dipeptides, a group of naturally-occurring histidine-containing 
molecules which in certain tissues such as muscle represent an appreciable 
fraction of the water-soluble, non proteic nitrogen-containing compounds. 
Carnosine (β-alanyl-L-histidine) was the first to be described in meat extracts 
(Gulewitsch and Amiradzibi, 1900) and it has subsequently been found to be 
widely distributed in animal tissues (Crush, 1970). Some tissues of many 
vertebrates, including mammals, also contain other aminoacyl-histidine 
dipeptides: homocarnosine (γ-aminobutyryl-L-histidine) and anserine (β-alanyl-
L-1-methyl-histidine). β-alanyl-L-3-methylhistidine has been described in snake 
and whale muscles, referred to as ophidine (Imamura, 1939) or balenine 
(Pocchiari et al., 1962) respectively, and other related molecules have been 
found in mammalian heart (Chrichton et al., 1988).
The dipeptide carnosine is synthesized from its component amino acids β-
alanine and L histidine by the enzyme carnosine synthetase (Winnick and 
Winnick, 1959; Kalyankar and Meister, 1959; Horinishi et al., 1978). β-alanine, a
constituent of coenzyme A, is an unusual aminoacid, absent from proteins; 
whereas histidine is an essential aminoacid. Carnosine synthetase (EC 
6.3.2.11), whose activity is 98% cytosolic (Harding and O'Fallon, 1979), is an 
enzyme characterized by a broad substrate specificity, capable of synthesizing 
different aminoacyl-histidine dipeptides (e.g., carnosine, homocarnosine, 
anserine; Winnick and Winnick, 1959; Kalyankar and Meister, 1959; Ng and 
Marshall, 1978; Horinishi et al., 1978). The synthesis has been demonstrated to
occur in different tissues, including muscle (Bakardjiev and Bauer, 1994; Bauer 
and Schulz, 1994) and brain (Horinishi et al., 1978). A carnosinase (EC 3.4.13.3)
and an homocarnosinase responsible for the degradation of these compounds 
have also been identified in different tissues (Rosemberg, 1960; Harding and 
Margolis, 1976; Lenney, 1976; Lenney et al., 1977; Ng et al., 1977; Ng and 
Marshall, 1978; Harding and O'Fallon, 1979; Margolis et al., 1983; Margolis and 
Grillo, 1984b).
The aminoacyl-histidine dipeptides are usually abundant in excitable tissues, 
such as muscle and nervous tissue. Phylogenetically, the aminoacyl-histidine 
dipeptides are present in vertebrates. Nevertheless, carnosine has been found 
in some molluscs and arthropods, and the muscles of some low representatives
of the fishes do not contain the dipeptides (Crush, 1970). Carnosine and 
anserine have been found to be simultaneously present in muscles of cat and 
rabbit. In some species the muscle tissue contains only one type of dipeptide, 
such as in frog (only carnosine) and in trout (only anserine). Thus, since the 
occurrence of these molecules (dipeptides, β-alanine, histidine) in skeletal 
muscles is highly variable among species (Tamaki et al., 1976), no definitive 
interpretations are at present available in terms of biochemical evolution. The 
presence of carnosine has also been reported in many human organs, by using 
an isocratic reversed phase HPLC assay (Flancbaum et al., 1990). According to 
other authors, which used immunocytochemical techniques (Jackson and 
Lenney, 1996), the presence of the dipeptide would be restricted to the skeletal
muscle and brain, although this might be linked to a sensitivity problem 
concerning the detection of this molecule using different techniques. The 
concentration of carnosine in the human skeletal muscle is very high (up to 20 
mM) in comparison with other mammals, and a correlation between the 
amount of the dipeptide and the life span of the animals has been proposed 
(Munch et al., 1997).
The features of aminoacyl-histidine dipeptides as a subset of small molecules 
which share similarities and which frequently coexist in the same tissue, raises 
the problem of their specific detection and discrimination using immunological 
techniques. Two rabbit polyclonal antisera raised against carnosine or anserine 
have been well characterized in numerous immunocytochemical and 
biochemical studies (Biffo et al., 1990; Artero et al., 1991a,b; Biffo et al., 
1992a,b; Sassoè-Pognetto et al., 1993; Jackson and Lenney, 1996). These 
antisera were obtained by coupling anserine or carnosine to carrier proteins 
(Biffo et al., 1990). They can react with protein-conjugated carnosine, 
homocarnosine and anserine, but not with the free dipeptide haptens or their 
component aminoacids, including β-alanine, histidine, N-methylhistidine, GABA 
or glycine (Biffo et al., 1990). After purification, the anti-carnosine serum still 
recognizes the three peptide-conjugates, thus preventing the production of 
monospecific antibodies against carnosine. A similar anti-carnosine serum was 
first produced by Sakai et al. (1987) and gave the same immunocytochemical 
pattern in the rat olfactory system. On the other hand, the purified 
anti-anserine serum does not cross-react immunocytochemically with 
structures that are immunoreactive for carnosine (Biffo et al., 1990). For the 
above reasons, the interpretation of the immunocytochemical results obtained 
with the anti-carnosine serum must be coordinated with detailed biochemical 
analysis of the tissue under investigation. In this context, the absence of 
anserine in the nervous system of mammals (see below) allows one to consider
the immunoreactivity herein observed as restricted to 
carnosine/homocarnosine, referred to as carnosine-like immunoreactivity (-LI), 
since both these dipeptides have been reported to occur in the mammalian 
brain. Accordingly, in the present review the aminoacyl-histidine dipeptides 
carnosine, homocarnosine (and anserine, when speaking of non-mammalian 
species) will be frequently referred to as carnosine-related dipeptides. 
Unfortunately, antibodies raised against the enzyme carnosine synthetase are 
not useful for immunocytochemistry in mammals (Margolis et al., 1987).
The biological function(s) of the aminoacyl-histidine dipeptides is still open to 
question, although several theories, often supported by strong experimental 
data, have been proposed. Numerous studies were carried out in vertebrate 
skeletal muscles, which contain very high levels of these dipeptides (1-20 mM; 
Scriver et al., 1983). In the voluntary musculature, during muscle performance,
the dipeptides show remarkable buffering properties by neutralizing the large-
scale formation of lactic acid, thus preventing the decrease of cytosolic pH 
(Bate-Smith, 1938; Skulachev, 1978). In addition, several histidine-containing 
dipeptides display antioxidant properties by preventing the accumulation of 
oxidized products derived from the lipid peroxidation of biological membranes 
(Boldyrev et al., 1988; Boldyrev, 1993; Klebanov et al., 1998; for the anti-
oxidant effect of carnosine and other hypothetical roles in the nervous system, 
see section 4). Other less substantiated hypotheses have also been suggested: 
some consider these molecules as products of redundant metabolic pathways, 
which accumulate as a result of degradation of longer polypeptide chains. Such
a view is supported by the fact that carnosinase and other related enzymes are
less active in muscles in comparison with parenchymatous organs (i.e., kidney),
in which their activity is very high (Rosemberg, 1960; Lenney, 1976; Margolis 
and Grillo, 1984b). Finally, it has been reported that carnosine is relatively 
abundant in histamine rich tissues, such as heart, kidney and stomach, 
suggesting that this dipeptide can serve as a non-mast cell reservoir for 
histidine, available for histamine synthesis under physiological stress 
(Flancbaum et al., 1990).
2. CARNOSINE-RELATED DIPEPTIDES IN THE NERVOUS SYSTEM
Carnosine and its congeners homocarnosine and anserine have been found to 
be abundant in the nervous system of many vertebrates (Table 1). The 
investigations carried out in different species concerning the localization of 
these compounds in different areas of the nervous system do not provide
an exhaustive picture of their distribution. Most of the studies performed in the 
past were directed to demonstrate a particular abundance of carnosine-related 
dipeptides in the olfactory system, in the retina and, to a lesser extent, in the 
brain. The results of these studies will be briefly summarized here, since the 
earlier literature on this topic has been reviewed extensively (Crush, 1970; 
Margolis, 1980; Quinn et al., 1992).
2.1. Non-mammalian Species
By examining the distribution of carnosine-related dipeptides in the nervous 
system of non-mammalian species important differences have been described 
as concerns the occurrence of different dipeptides and  their regional 
localization (Table 1).
In the nervous system of birds, both anserine and carnosine are present, the 
former associated with glial cells in the brain, the latter restricted to the 
olfactory receptor neurons (Biffo et al., 1990). Thus, anserine is the only 
dipeptide detectable in the avian central nervous system (CNS), apart from the 
olfactory neuron axonal projections in the olfactory bulb, which contain 
carnosine. High levels of anserine have also been detected in the avian retina 
(Margolis and Grillo, 1984a), where the dipeptide is thought to be localized in 
Muller glial cells.Anserine is not detectable in the brain tissue of non-avian 
species (Wideman et al., 1978; Bauer et al., 1979,1982; Nadi and Margolis, 
1978). Biochemical analysis carried out in the nervous system of amphibia and 
reptilia demostrated that primarily homocarnosine and to a lesser extent 
carnosine are present (Artero et al., 1991a). In reptiles these peptides are 
detectable in the olfactory pathway, associated with the olfactory receptor 
neurons, whereas in amphibians they are absent from this cell population 
(Artero et al., 1991a,b).
As to the cellular localization of carnosine-related dipeptides in the CNS of 
these species, immunocytochemical studies showed that in reptiles they are 
present in glial cells, whereas in amphibians striking differences were found 
among certain anuran and urodele species: in the former (Rana esculenta and 
Xenopus laevis) the dipeptides are present in glial cells, whereas in the latter 
(crested newt, Triturus carnifex) they have been observed to occur in several 
nerve cell populations (Artero et al., 1991a,b). Interestingly, in the crested 
newt, despite their occurrence in brain neurons, the aminoacyl-histidine 
dipeptides are undetectable in olfactory receptors.
As to the cellular localization of carnosine synthetase, due to a lack of 
antibodies capable of recognizing this enzyme in situ, the frog olfactory system
is, to date, the only neural tissue in which an immunoreactivity for carnosine 
synthetase has been detected, where it appears to be restricted to a 
subpopulation of the olfactory receptor neurons (Crowe and Pixley, 1991). In 
frogs, carnosine-LI has been also shown to occur in retinal neurons (Sassoè-
Pognetto et al., 1992; Panzanelli et al., 1997) and in hair cells of the 
semicircular canals of the inner ear (Panzanelli et al., 1994). In the frog retina, 
primarily carnosine has been detected, localized in virtually all photoreceptors 
and bipolar cells. An immunoreactivity has also been described in some 
presumed amacrine and ganglion cells, as well as in Muller cells endfeet 
(Panzanelli et al., 1997). In the sensory epithelium of the ampullary cristae, 
carnosine-LI has been found to be restricted to the receptor cells (hair cells), 
being absent in the supporting cells, and to the fibers of the vestibular nerve 
(Panzanelli et al., 1994). Also in other species, these molecules are 
preferentially localized in sensory cells, including those of the lateral line organ 
of Xenopus (Mroz and Sewell, 1989) or the saccular nerve of the trout 
(Drescher and Drescher, 1991).
Table 1. Distribution of carnosine-related dipeptides in the nervous system

2.2. Mammals
A number of studies employing various analytical methods established that 
anserine is absent in the mammalian nervous system, which only contains 
homocarnosine and carnosine (Nadi and Margolis, 1978; Wideman et al., 1978; 
Bauer et al., 1979,1982; Margolis and Grillo, 1984a; Biffo et al., 1990) (Table 1).
Although previous observations suggested that homocarnosine was the 
prevalent aminoacylhistidine dipeptide in the brain (Sano, 1965), further 
studies demonstrated the occurrence of high amounts of carnosine (2 nm/mg 
of tissue) in the olfactory mucosa and olfactory bulb of rodents (Margolis, 1974;
Wideman et al., 1978), whereas lower concentrations of the dipeptide are 
detectable in the brain (0.01-0.2 nm/mg), in association with homocarnosine 
(Pisano et al., 1961; Abraham et al., 1962; Margolis, 1974; Cairns et al., 1988). 
Low levels of homocarnosine are also present in the mammalian retina 
(Margolis and Grillo, 1984a).
Earlier immunocytochemical studies, which were aimed to establish the cellular
localization of the carnosine-related dipeptides in the nervous system of adult 
mammals, revealed a distribution similar to that described in reptiles (or that 
described for anserine in birds), involving both neurons and glial cells (Biffo et 
al., 1990). The neuronal localization was restricted to a cell population which is 
located outside the brain, the olfactory receptor neurons, whereas in the brain 
carnosine-LI was mainly associated with a population of glial-like cells scattered
within both the white and grey matter, to ependymal cells and to a particular 
type of astrocytic cells in the cerebellum known as Bergmann glia (Biffo et al., 
1990). However, more recent studies revealed a more complex distribution of 
these dipeptides in the mammalian brain, which will be described in detail in 
section 3.
2.2.1. Carnosine-related Dipeptides In The Olfactory System
The presence of high amounts of carnosine in the olfactory system has been 
widely confermed using autoradiographic (Burd et al., 1982), biochemical 
(Margolis, 1974; Burd et al., 1982) and immunocytochemical (Schwob and 
Gottlieb, 1986; Sakai et al., 1987; Biffo et al., 1990) methods. The olfactory 
receptor neurons abundantly contain carnosine in their perikaria and cell 
processes, including the axonal projections to the main and accessory olfactory
bulb (Biffo et al., 1990) (Figs. 1,2). These olfactory fibers reach the glomerular 
layer of the olfactory bulb and contain the dipeptide in their synaptic terminals 
(Sakai et al., 1988; Sassoè-Pognetto et al., 1993). In studies carried out after 
peripheral deafferentation, it appeared evident that they are responsible for the
high concentration of carnosine in the olfactory bulb, in comparison with the 
rest of the brain (Margolis, 1974; Neidle and Kandera, 1974; Ferriero and 
Margolis, 1975; Nadi et al., 1980). Indeed, following irrigation of the mucosa 
with radiolabelled β-alanine and histidine, the precursors are rapidly taken up 
and converted in carnosine, which is transported to the olfactory bulb by 
axonal flow (Margolis and Grillo, 1977).
The human brain contains high concentrations of homocarnosine (Kanazawa 
and Sano, 1967) and little or no carnosine, except for the olfactory bulb (Kish et
al., 1979). Carnosine-LI has been detected in olfactory receptor neurons of the 
human olfactory mucosa, with a cellular distribution similar to that described in
rodents (Sakai et al., 1990). This suggests that carnosine could be primarily 
present in the olfactory system of all mammalian species
2.3. Conclusions
The cellular distribution of carnosine-related dipeptides in the nervous system 
is similar in reptiles, birds and mammals, although differences are present 
about the type of dipeptide(s) found in each class. Some differences in the 
anatomical distribution of these molecules were observed in amphibians, 
primarily concerning their absence in the olfactory system and, at least in 
urodeles, their presence in neuronal cell populations of the CNS. On the whole, 
earlier studies led to the general assumption that in the nervous system of 
vertebrates carnosine-related dipeptides are preferentially expressed in 
sensory organs. In spite of important differences observed in the distribution of 
these molecules in phylogenetically different vertebrate species, they are 
detectable in a wide range of sensory cell types. As discussed below, such a 
distribution suggested a possible role for carnosine as a neuromodulator, at 
least within some of these sensory systems. Nevertheless, the presence of 
carnosine-related molecules in numerous non-neuronal cell types in the brain, 
leaves open several hypotheses about its function.
Fig. 1. Schematic representation of the distribution of carnosine and carnosine-related 
dipeptides in the adult mammalian brain and olfactory system. 1, In the olfactory system, 
carnosine-LI is present in the mature olfactory receptor neurons (1', in black) of the olfactory 
epithelium (OE), in their axons (1”) which project to the olfactory bulb (OB) crossing the 
cribriform plate (CP), and in the olfactory glomeruli (1'''), which correspond to the terminations 
of these axons in the glomerular layer. 2, Subpopulations of astrocytes and oligodendrocytes 
scattered throughout the grey and white matter (here represented schematically in the 
cerebral cortex (CX), brain stem and cerebellum (CB). 3, Bergmann glial cells, a remnant of 
embryonic radial glia persisting as elongated, radially oriented elements in the cerebellar 
cortex (the dotted line marks the limit between the granule cell layer and the molecular layer). 
4, radial glia-like cells of the hypothalamic supraoptic nucleus. 5, Subfornical organ. 6, 
Tanycytes. 7, Ependymal cells of the ventricular cavities (here represented in the wall of the 
lateral ventricle). 8, Subependymal layer (SEL); more details on the distribution of carnosine-LI 
in this region are given in Fig. 9. CC, corpus callosum; X, optic chiasm. The lateral ventricle and 
the third ventricle (the perimeter of this latter marked with a dotted line) are indicated by the 
dotted areas.
3. DISTRIBUTION OF CARNOSINE-RELATED DIPEPTIDES IN THE 
MAMMALIAN BRAIN
The studies reported above, up to date until the 90s, led to the assumption 
that, in mammals, carnosine-related dipeptides are present in two distinct cell 
populations of the nervous system: one neuronal (the olfactory receptor 
neurons), located outside the brain, the other glial and widespread within the 
brain. Further studies carried out in the last decade have investigated in more 
detail the distribution of carnosine in different glial cell types, and 
characterized its synthesis and uptake in vitro. Moreover, these molecules have
been demonstrated to occur within an area of the adult forebrain (the 
subependymal layer) which has been recently proposed as a site of active 
neurogenesis.
3.1. Carnosine-related Dipeptides In Glial Cells
Apart from the olfactory axonal projections to the olfactory bulb and the 
undifferentiated cells of the subependymal layer (SEL), which are considered as
neuronal precursors (see section 3.2), in the rest of the mammalian brain 
carnosine-related dipeptides have been found exclusively in glial and 
ependymal cells, but not in mature neurons (Fig. 1).
Fig. 2. Carnosine-LI in the main olfactory bulb of the adult rabbit. The immunoreactivity is 
localized in the olfactory nerve layer (left), corresponding to the axonal projections of the 
olfactory receptor neurons, and in their terminations forming a glomerulus (right). Calibration 
bar: 30 μm.
In recent studies carried out in vivo on the brain of adult rats (De Marchis et al.,
1997) it has been pointed out that the carnosine-LI `glial-like'' cells frequently 
fall into two different morphological types: stellate-shaped, process-bearing 
cells, reminiscent of the astrocytic morphology, and round-shaped cells with 
apparently unstained processes. By using double labelling techniques with glial
markers, it has been shown that the process-bearing cells actually are 
astrocytes (Fig. 4A and B), whereas the round-shaped cells are GFAP-negative, 
2'3'-cyclic nucleotide 3'-phosphodiesterase (CNP)-positive oligodendrocytes 
(Fig. 4C and D).
On the other hand, in vitro experiments carried out on primary cultures of 
mixed glia or cultures selectively enriched in astrocytes and oligodendrocytes, 
revealed the presence of carnosine in oligodendrocytes only (De Marchis et al., 
1997; Fig. 5).Moreover, in the enriched cultures, which contain 
oligodendrocytes at different maturation stages, only a small subset of cells 
were immunoreactive. The same cells appeared immunostained with markers 
of mature oligodendrocytes such as CNP and myelin basic protein, but not with 
markers specific for oligodendrocyte precursors, thus suggesting that only 
completely differentiated oligodendroglia cells actually contain carnosine-
related dipeptides. These results are in accord with in vivo studies 
demonstrating that the dipeptides are not present in all glial cells (Fig. 4), but 
are restricted to subpopulations of mature astrocytes and oligodendrocytes 
(Biffo et al., 1990; De Marchis et al., 1997).
Among astrocytes, carnosine-LI is highly expressed in typical stellate-shaped 
cells, in the glial coverage of blood vessels formed by their processes, and in 
certain cell populations which are remnants of radial glia, such as the 
cerebellar Bergmann glia (Biffo et al., 1990), or display a radial glial-like 
morphology such as certain glial cells in the hypothalamic supraoptic nuclei 
(not shown; see Fig. 1).
Other highly carnosine-LI cell populations which are classified among glial cells 
are ependymal cells and tanycytes (Fig. 3B). These cells line the ventricular 
cavities forming a barrier between the cerebrospinal fluid and the neuropil, and
play an active role in the regulation of the exchanges between these 
compartments (Bruni, 1998). Tanycytes are considered a particular type of 
glial/ependymal cells (Bascò et al., 1981; de Vitry et al., 1981) which line 
certain parts of the ventricular cavities, being most abundant in the 
ventrolateral wall of the third ventricle. These cells contact the ventricular 
lumen and send a long process reminiscent of embryonic radial glia in the 
surrounding neuropil (Flament-Durand and Brion, 1985). Finally, strong 
carnosine-LI is detectable in the subfornical organ (Fig. 3A), a midline sagittal 
structure protruding in the lumen of the third ventricle and enriched in 
ependymal cells, glial cells and tanycytes (Dellmann, 1998).
Fig. 3. Carnosine-LI in the subfornical organ (A) and in tanycytes (B) surrounding the third 
ventricle (3 v) of the adult rat. VHC, ventral hippocampal commissure. Calibration bars: A, 50 
mm; B, 30 μm.
Fig. 4. Carnosine-LI in glial cells of the adult mammalian brain. A,B, Double labelling for 
carnosine (A) and GFAP (B) in the olfactory tubercle. The immunoreactivity for carnosine is 
visible in a sub-population of astrocytes (two are indicated by arrows), and in other cells types 
which do not contain GFAP (six are indicated by the open arrow). C,D, Double labelling for 
carnosine (C) and CNP (D) in the brainstem. Numerous mature oligodendrocytes (some of 
which are indicated by arrows) are carnosine-LI. Calibration bars: 30 μm.
Fig. 5. Oligodendrocytes enriched cultures from the rat brain. Double labelling for carnosine (A) 
and myelin basic protein (B) in mature oligodendrocytes. Calibration bars: 20 μm.
3.1.1. Carnosine Synthesis And Uptake
The enzyme carnosine synthetase was purified from chicken pectoral muscle 
(Winnick and Winnick, 1959; Kalyankar and Meister, 1959), mouse olfactory 
bulb (Horinishi et al., 1978) and whole rat brain (Skaper et al., 1973). Although 
considered an enzyme with broad substrate specificity, the mouse olfactory 
carnosine synthetase is clearly different from the chicken enzyme (called 
carnosine-anserine synthetase) in terms of specificity. It seems uncapable of 
anserine synthesis, whereas it can synthesize homocarnosine (Horinishi et al., 
1978). Monoclonal antibodies raised against this enzyme (Margolis et al., 1987)
have been useful in characterizing immunological similarities across 
mammalian species but have not been helpful in resolving the cellular 
localization of carnosine synthetase activity, therefore its distribution has been 
investigated in biochemical and in vitro studies.
In the olfactory mucosa of rodents, carnosine synthesis has been demonstrated
to occur starting from embryonic day 16 (Margolis et al., 1985). Several lines of
evidence suggest that carnosine synthetase is not saturated with its substrate 
in physiological conditions and that the immediate precursor β-alanine may 
play a role in regulating tissue carnosine levels (Margolis et al., 1985). In cell 
cultures, biosynthesis of carnosine has been demonstrated to occur in muscle 
cells and in glial cells (Bauer et al., 1982; Bakardjiev and Bauer, 1994; 
Hoffmann et al., 1996; Bakardjiev, 1997). By contrast, no significant synthesis 
of homocarnosine was described, probably due to the fact that glial cells 
rapidly degrade γ-aminobutyric acid, a precursor of homocarnosine. Indeed, 
low levels of homocarnosine synthesis can be observed when degradation of γ-
aminobutyric acid is experimentally inhibited (Bauer et al., 1982). In primary 
cultures from the rodent olfactory bulb, it has been suggested that carnosine 
synthesis is restricted to the ensheathing cells (Bakardjiev, 1997). Recent 
studies, carried out on glial cell cultures highly enriched either in astrocytes or 
in oligodendrocytes, have shown that carnosine synthesis is confined to 
oligodendrocytes, whereas astrocytes would be capable of carnosine uptake 
(Hoffmann et al., 1996). An uptake of carnosine, as an energy- and sodium-
dependent process, was previously reported by astroglia-rich brain cultures 
(Schulz et al., 1987).
These results suggest that the dipeptide could exert its function in the 
extracellular spaces, although such a role is at present unknown. Interestingly, 
a glutamate receptor-mediated release of carnosine and β-alanine, dependent 
on elevated intracellular Ca2+, has been shown to occur in oligodendrocytes 
(Bakardjiev, 1998). Oligodendrocytes possess several neurotransmitter 
receptors and respond to glutamate with depolarization and increase of 
intracellular Ca2+ (Kastritsis and McKarthy, 1993; Berger et al., 1994). Thus, one
can not exclude that carnosine and related molecules could play a role in 
extracellular glia-neuron interactions.
3.2. Carnosine-LI In The Subependymal Layer
3.2.1. The Subependymal Layer (SEL): A Relatively “Young” Region In The Adult
Brain
The SEL is a remnant of the primitive subventricular zone (SVZ), namely the 
germinal layer wherein neurons and glial cells are formed during development 
(Boulder Committee, 1970). In the adult the SEL persists within a restricted 
area of the forebrain corresponding to the anterior part of the lateral ventricles 
and to the primitive olfactory ventricles. At the ventricular level the SEL lines 
the lateral wall, in subependymal position. More anteriorly, due to the postnatal
occlusion of the olfactory ventricles, it appears as a strip of tissue referred to as
the rostral extension, which has lost any relationship with the ventricular 
cavities (Fig. 6). At this level, only scattered residual ependymal cells can be 
occasionally seen in the adult (Peretto et al., 1997).
The concept of the SEL as a “young” region of the adult brain, other than 
referred to its persisting “embryonic” features, is linked to the very recent 
finding that several striking potentials in structural plasticity (i.e., cell 
proliferation, cell migration, putative stem cell compartment) occur in this 
region (Peretto et al., 1999). The persistence of mitotic activity in the SEL of the
adult rodent forebrain is known since the 60s (Smart, 1961; Altman, 1969). In 
the last decade, it has been clearly demonstrated that a great number of newly
generated cells actually survive and migrate towards the olfactory bulb, 
wherein they are thought to differentiate into neurons (Luskin, 1993; Lois and 
Alvarez-Buylla, 1994). The entire mass of these migrating cells moves 
tangentially along the SEL, being particularly concentrated into the rostral 
extension, where it is referred to as the rostral migratory stream (Altman, 1969;
Lois and Alvarez-Buylla, 1994). The SEL of the adult rat (Peretto et al., 1997) 
and mouse (Jankovski and Sotelo, 1996; Lois et al., 1996) contains a meshwork 
of astrocytic cells and processes organized to form longitudinally oriented 
channels (glial tubes). Recent light and electron microscopic studies have 
showed that the newly generated neuronal precursors of the SEL form 
tangentially oriented chains which are specifically contained within the glial 
tubes (Garcia-Verdugo et al., 1998; Peretto et al., 1999). Thus, the cellular 
composition of the SEL involves at least two well separated compartments: the 
glial cells of the tubes and the chains of newly generated, undifferentiated cells
(Fig. 6). These compartments can be clearly identified on the basis of their 
ultrastructural features or by light microscopic immunocytochemical detection 
of specific markers (reviewed in Peretto et al., 1999).  Glial tubes are 
Fig. 6. Schematic representation of the subependymal layer (SEL) in the brain of adult rodents. 
In parasagittal view (left), the SEL (black area) can be divided into: a portion lining the anterior 
part of the lateral ventricle (LV) and the SEL rostral extension (RE). The anterior part of this 
latter (OB),    located along the main axis of the olfactory bulb, appears larger and ill-defined. In
the SEL two cell compartments are distinguishable, which can be easily recognized in coronal 
sections cut at the level of the rostral extension (asterisk and right): astrocytic glial tubes (thick
black lines) and chains of migrating neuronal precursors. For more details, see Peretto et al, 
1999. CC, corpus callosus; CX, cerebral cortex.
detectable by antibodies raised against two cytoskeletal proteins: the glial 
fibrillary acidic protein (GFAP, Jankovski and Sotelo, 1996; Lois et al., 1996; 
Peretto et al., 1997), usually expressed in mature astrocytes (Bignami et al., 
1972), and vimentin (Peretto et al., 1997), which is abundant in immature glial 
cell populations, ependymal cells, Bergmann glia and radial glia (Pixley and De 
Vellis, 1984). The chains of migrating cells can be specifically identified using 
antibodies raised against the polysialylated form of the neural cell adhesion 
molecule (PSA-NCAM, Bonfanti and Theodosis, 1994; Rousselot et al., 1995; 
Peretto et al., 1997), the neuron-specific, class III β-tubulin, (Menezes and 
Luskin, 1994), and the phosphoprotein stathmin (Camoletto et al., 1997).
As they reach the olfactory bulb, the behaviour of these cells undergoes 
striking changes: (i) they leave the SEL and the glial tubes (which become ill 
defined at this level, see Peretto et al., 1997), spreading in a fan-shaped 
manner through the granule and periglomerular layers; (ii) they cease to be 
organized in tangentially oriented chains, now moving as isolated, radially 
oriented neuroblasts (Luskin, 1993; Bonfanti and Theodosis, 1994; Lois and 
Alvarez-Buylla, 1994). Thus, cell migration in the SEL is now regarded as a 
unique type of tangential migration since it occurs in the adult mammalian 
brain, involves bulks of cells organized to form chains, and use a particular type
of glial guidance which is different from the embryonic radial glia.
The recent demonstration that a population of newly generated cells and an 
unusual concentration of astrocytic glial cells do coexist in the SEL of adult 
rodents, along with the fact that olfactory receptor neurons and brain 
astrocytes were previously considered to be the main cell populations 
expressing carnosine in the mammalian nervous system, led to a further, 
detailed analysis about the distribution of carnosine-related dipeptides in the 
forebrain.
Fig. 7. Distribution of carnosine-LI in the SEL of adult rodents. A,B, Double labelling for 
carnosine (A) and GFAP (B) in the lateral wall of the lateral ventricle (LV) of the adult mouse. 
The dipeptide is highly expressed in the SEL, adjacent to the striatum (S), including both the 
astrocytic cells forming the glial tubes and cells which are contained in their lumina (arrows). A 
blood vessel is indicated by the asterisk. C,D, Coronal section cut at the level of the SEL rostral 
extension of the adult rat: simultaneous localization of carnosine (C) and GFAP (D), showing the
distribution of carnosine-LI in the area occupied by the glial tubes. Two blood vessels are visible
on the right. Note a small cluster of three, highly-immunoreactive residual ependymal cells (e). 
Carnosine-LI is also associated to scattered, stellate glial cells in the tissue surrounding the SEL 
and to the glial coverage of blood vessels. Calibration bars: A,B, 7.5 μm; C,D, 40 μm.
3.2.2. Distribution Of Carnosine-LI In The Diferent SEL Compartments And In 
The Olfactory Bulb Of Adult Rodents
The distribution of carnosine-LI in the forebrain of adult rodents has been 
recently investigated in detail by using immunocytochemical techniques 
(Peretto et al., 1998). The occurrence of a high concentration of carnosine-LI 
was found in the SEL of rats and mice. In the rat, wherein the two SEL 
compartments are clearly distinguishable (see Peretto et al., 1997), this study 
was particularly detailed, and was extended to the postnatal period (see 
section 3.2.3).
Along the SEL, carnosine-LI has been found to be associated with a high 
number of small tightly-packed cells, showing a cytoplasmic and, to a lesser 
extent, nuclear reaction (Figs. 7A and C, and 8A and C). Even in the posterior 
and ventral parts of the ventricular wall, where the SEL is thinner, ill defined 
and appears in the form of scattered clusters of undifferentiated cells (Smart, 
1961; Altman, 1969), the strict overlap between carnosine-LI and the SEL 
tissue was evident. Both in the ventricular part and in the rostral extension, the
pattern of immunoreactivity appeared very dense, thus masking cellular details
and preventing the distinction between the compartments formed by the glial 
tubes and their content (Figs. 7A and C, and 8A). Double labellings with 
carnosine and glia-specific antigens showed a strong carnosine-LI in 
correspondence of the astrocytic glial meshwork (Fig. 7). However, double 
labellings with markers which are known to identify the chains of migrating 
cells (PSA-NCAM, stathmin, class III β-tubulin; see above for references) 
confirmed that many carnosine-LI cells also fill the lumina of the glial tubes. 
Moreover, after in vivo identification of the actively proliferating cells by 
immunocytochemical detection of systemically-administered 5-bromo-2'-
deoxyuridine (BrdU), and subsequent double labelling with carnosine, it has 
been shown that the dipeptide actually is present in new formed cells (Peretto 
et al., 1998). The high concentration of the double-labelled cells in the 
horizontal arm of the SEL rostral extension 5 days after BrdU injection, confirms
that most of them are migrating cells (see Bonfanti et al., 1997; Peretto et al., 
1997).
Interestingly, clusters of tightly-packed, carnosine-LI cells can be frequently 
observed in close apposition to the wall of blood vessels located within the SEL 
or in its immediate vicinity (Fig. 8C). These clusters are different from the 
carnosine-positive (and GFAP-positive) thin glial coverage, which is detectable 
on blood vessels throughout the brain tissue (see for example Figs. 7C, 8A). 
Along the SEL rostral extension, the immunoreactivity is also present in residual
ependymal cells, recognizable for their larger size and very strong carnosine 
immunoreactivity (Figs. 7A, 8A). However, it can be excluded that most of the 
carnosine-LI, non glial cells of the SEL are residual ependymal cells, since these
latter are occasionally observed and easily recognizable for their strong 
vimentin immunoreactivity (an antigen which is not expressed in the chains of 
migrating cells; Fig. 8B).
The overlap between carnosine-LI and the chains of undifferentiated cells was 
more evident in the medium/posterior part of the SEL, including the lateral 
ventricle and most of the rostral extension. By contrast, in the SEL of the 
olfactory bulb the accumulation of carnosine-LI cells was less evident, being 
mainly restricted to astrocytes. Due to the fact that the SEL of the olfactory 
bulb is more enlarged and ill-defined in comparison with the rostral extension 
(Peretto et al., 1997), at this level it is not easy to clearly identify a limit 
between the carnosine-LI cells in the SEL and those scattered in the 
surrounding tissue. Outside the SEL carnosine-LI was restricted to stellate, glial-
like cells, and no coexistence of PSA-NCAM or stathmin and carnosine was 
detectable at this level (if one excludes the olfactory nerve afferent fibers in 
the glomerular layer, which abundantly contain PSA-NCAM and carnosine; see 
Bonfanti et al., 1997). In other words, carnosine-LI was not observed in newly 
generated/migrating cells located outside the SEL and corresponding to the 
radially oriented part of the migratory pathway (Fig. 9).
Thus, one can conclude that carnosine-related dipeptides are detectable in the 
whole SEL, but not in the entire migration pathway, being restricted to the 
astrocytic glial tubes and to migrating cells which move within these tubes.
3.2.3. Distribution Of Carnosine-LI In The Postnatal Rat Forebrain
3.2.3.1. Carnosine-LI is detectable starting from the third postnatal week
It is well known, from biochemical and immunocytochemical analyses (Margolis
et al., 1985; Biffo et al., 1992a), that carnosine and carnosine synthetase 
activity are detectable in the olfactory system of rodents starting from the 
embryonic day 16, before the formation of synaptic connections between the 
olfactory neurons and their targets in the olfactory bulb (Hinds and Hinds, 
1976). By contrast, in the brain no aminoacyl-histidine dipeptides are 
detectable in the perinatal period, apart from the olfactory neuron projections 
reaching the olfactory bulb (Fig. 10A and B; see also Biffo et al., 1990). In a 
recent study by Peretto et al. (1998) carnosine-LI was observed at P9 in 
ependymal but not subependymal cells, and no immunoreactivity was found in 
the SEL up to P13. Thus, in the rat forebrain, if one excludes the ependymal 
cells and the axonal projections from the olfactory neuroepithelium, carnosine-
LI is first detectable at P13 as a faint reaction in some glial-like cells of the SEL, 
and at P17 involving a considerable number of glial-like cells scattered in the 
olfactory bulb and elsewhere in the brain, with a prevalent localization in white 
matter. Between P21 and P25 virtually all the SEL area was filled by a great 
number of tightly packed carnosine-positive cells, making it difficult to 
distinguish between glial and other cell types (Fig. 10C). Starting from P25 and 
in the subsequent postnatal stages examined, the distribution of carnosine-LI in
the SEL was overlapping to that described in the adult.
In animals treated with BrdU during the first three postnatal weeks, newly 
generated cells showing BrdU-positive nuclei were observed both in the SEL 
area and in the surrounding tissue, whereas starting from P17-P21 they were 
progressively concentrated within the SEL. Using double labelling techniques, 
since from the first appearance of carnosine-LI the presence of the dipeptide 
was observed in all the BrdU-positive cells in the SEL, but not in the newly 
generated cells located in the outside tissue. From P25-P30 the BrdU-positive 
cells were detected exclusively in the SEL, with a distribution similar to that 
described in the adult.
Fig. 8. Immunoreactivity for carnosine and other antigens in the SEL rostral extension of the 
adult rat (coronal sections). A,B: double labelling for carnosine (A) and vimentin (B), showing a 
coexistence of the two molecules in a group of residual ependymal cells (arrow), and in the glial
wall of the tubes, but not in their content. A coexistence of carnosine and vimentin is also 
visible in some glial processes contacting the blood vessel (asterisk). C,D: Simultaneous 
localization of carnosine (C) and PSA-NCAM (D) in clusters of globose cells which are in close 
contact with two blood vessels (asterisks). Calibration bars: A,B, 30 μm; C,D, 15 μm.
Thus, a consistent carnosine-LI is detectable in the SEL starting from the end of
the third postnatal week, at the same time when cell proliferation/migration 
phenomena are disappearing in most of the brain and become restricted to the 
SEL area. Ongoing studies (De Marchis et al., in preparation) on the distribution
of carnosine-LI in the nervous system of developing and young rats confirm 
that carnosine/homocarnosine progressively appear in CNS glial cells during the
first three postnatal weeks, and indicate their earlier occurrence in 
oligodendrocytes.
3.2.3.2. The first appearance of carnosine-LI in the SEL is visible when striking 
changes take place in the organization of this area
To get some insights about the structural changes occurring in the SEL during 
the early postnatal period, the distribution of the markers for chain migration 
PSA-NCAM and stathmin was examined (Peretto et al., 1998). Strong similarities
were observed among the distribution of these two antigens at all the post-
natal stages examined. From P2 to P17 a rather uniform widespread staining 
was detected in different levels of the forebrain. At these stages, the 
immunoreactivity observed in the tissue surrounding the SEL did not appear 
less intense than in the SEL itself. By contrast, starting from P21 the 
immunoreactivity for PSA-NCAM and stathmin appeared evidently increased 
within the SEL, whereas a dramatic decrease in the immunostaining occurred in
the surrounding tissue. Also within the SEL, the distribution of these markers 
underwent striking changes: up to P17, they were both observed in a mass of 
cells uniformly arranged in the SEL area, whereas starting from P21 they were 
associated to cell chains.
By using antibodies raised against vimentin, an intermediate filament protein 
which is abundant in immature glia, the organization of glial cells in the SEL 
was also examined. In early postnatal stages the typical astrocytic 
arrangement known to form the glial tubes in the adult was not observed, but a
rather homogeneous network of randomly-oriented glial processes was present
(Peretto et al., 1999). Although some of these processes were longitudinally 
oriented, during the first two postnatal weeks they did not form thick septa 
capable of compartmentalizing the SEL. By contrast, starting from P17 and 
more evidently at P21-P25, a high density of glial cells forming well delineated 
tubes and separating chains of undifferentiated cells was clearly visible 
throughout the SEL.
In conclusion, the first appearance of carnosine-LI in the SEL (around P21) 
occurs in coincidence with striking changes occurring in this area, involving the
organization of migrating cells in chains and that of astrocytes into glial tubes.
Fig. 9. Schematic drawing showing the pattern of distribution of different molecules (in gray) in 
the SEL of the adult rat and in the whole migratory pathway to the olfactory bulb. Antigens 
usually expressed by mature (GFAP) or immature (vimentin) astrocytes, are restricted to the 
glial tubes (A), which depict the entire SEL area, although they became ill-defined in the most 
anterior part. Other molecules, such as PSA-NCAM and stathmin, are considered markers of the 
entire migratory pathway (B), revealing newly-generated cells which form tangentially oriented 
chains in the SEL and those which spread radially in the olfactory bulb as isolated neuroblasts. 
Carnosine-LI (C) is visible in the SEL area, associated both with astrocytes of the glial tubes and
chains of migrating cells. Note that carnosine-LI is hardly detectable in cells migrating within 
the SEL of the olfactory bulb, and it is absent in the isolated neuroblasts moving through the 
olfactory bulb.
Fig. 10. Immunoreactivity for carnosine in the olfactory system and forebrain of the postnatal 
rat. Animals killed at P9 (A,B) and at P21 (C). Striking carnosine-LI is visible at P9 in the 
olfactory receptor neurons of the olfactory epithelium (OE) and in their axonal projections to 
the glomerular layer of the olfactory bulb (OB), but not in the SEL (the limit between the SEL 
area and the surrounding tissue is indicated by arrowheads). Also at more posterior levels (in 
B), no carnosine-LI is detectable at P9 in the SEL rostral extension (RE). At the same level, at 
P21 (C) a strong carnosine-LI is present in the SEL, as well as in glial cells of the surrounding 
tissue. Calibration bars: A, 200 μm; B, 60 μm; C, 30 μm.
3.3. Conclusions
Studies carried out in many regions of the mammalian brain have concluded 
that the localization of carnosine-related dipeptides in glia involves two distinct 
cell types: astrocytes and oligodendrocytes. In vitro experiments indicate the 
selective capacity of different glial cell populations to synthesize 
(oligodendrocytes) or take-up (astrocytes) the dipeptides. These results raise 
the question as to whether the two glial cell populations display the same 
behaviour in vivo, a problem which can not be easily answered by 
immunocytochemistry (see sections 1.1 and 3.1.1).
In vivo, carnosine-LI is present in a wide range of cells belonging to the 
astrocytic lineage, such as cerebellar Bergmann glia, radial glia-like cells of the 
supraoptic nucleus, and cells which are considered of the glial lineage, such as 
ependymal cells and tanycytes (Flament-Durand and Brion, 1985; Bruni, 1998).
Interestingly, it is abundant in the subfornical organ, a circumventricular 
structure which contains tanycytes and glial cells, and is endowed with 
fenestrated capillaries that permit the passage of blood-borne molecules 
(Dellmann, 1998).
Moreover, strong carnosine-LI is detectable in the SEL, an area of persisting 
neurogenesis in the adult forebrain. The SEL is composed of small tightly-
packed cells apparently forming an homogeneous tissue, but which actually 
involves two distinct cellular compartments: (i) the newly generated, migrating 
cells, which are organized to form chains, and (ii) the astrocytes of the glial 
tubes, in which the chains are contained. Unlike most of the antigens 
previously localized in this system, which usually are restricted to one of the 
two cellular compartments, carnosine-LI is associated with both of them.
The presence of carnosine in astrocytes of the glial tubes was expected since 
the dipeptide is abundant in most of the astrocytic cells of the adult brain. On 
the other hand, the finding of carnosine-LI in newly generated cells of the SEL, 
which are generally regarded as neuronal precursors (Luskin, 1993; Lois and 
Alvarez-Buylla, 1994), raises more interest. Carnosine-LI is detectable through 
the entire length of the SEL, namely the area in which cell proliferation and 
migration coexist. However, the migration pathway to the olfactory bulb is 
divided into two parts characterized by important differences concerning cell 
migration (see above), and carnosine-LI was detected only in the first part of 
this pathway. This suggests that the dipeptide is transiently expressed by cells 
which move tangentially within the SEL, and form chains, whereas it is absent 
in the same cells when they migrate radially outside the SEL, as isolated 
neuroblasts. Thus, it is reasonable to speculate that the transient expression of 
the dipeptide in migrating cells could be related to their organization in chains 
and/or to their relationships with glial structures. In our opinion, the hypothesis 
of a link between carnosine expression and chain migration appears more likely
since it has been recently shown in vitro that cells of the SEL also can undergo 
this type of migration in a glia-independent manner (Wichterle et al., 1997). 
Moreover, studies carried out in postnatal rats demonstrated that a carnosine-
LI comparable in density and pattern of distribution to that described in the 
adult is detectable in the SEL starting from P21. This stage coincides with the 
first visualization of well organized chains of migrating cells enwrapped by glial 
tubes. Since long distance, tangential cell migration has been demonstrated to 
occur in the forebrain of neonatal and postnatal rats (Luskin, 1993), carnosine 
could not be linked to cell migration itself. Its appearance seems rather related 
to important changes occurring in this area around the third postnatal week, 
involving its cellular organization, in terms of relationships among the different 
SEL compartments (Peretto et al., 1999). 
4. HYPOTHETICAL FUNCTIONS OF CARNOSINE-RELATED DIPEPTIDES IN 
THE NERVOUS SYSTEM
Although many theories have been proposed about the biological function(s) of 
these molecules in the nervous system or elsewhere, none of them have been 
compellingly substantiated. Among the hypotheses proposed, two have 
received more attention and have been extensively investigated: one concerns 
the role of the various aminoacyl-histidine dipeptides in several types of 
tissues, functioning as in vivo antioxidants (Hipkiss, 1998), the other is 
restricted to a putative effect of carnosine as a neurotransmitter/modulator in 
certain neuronal systems (Margolis, 1980).
4.1. Antioxidant Effect
As quoted in the Introduction, carnosine-related dipeptides are usually 
abundant in excitable tissues, such as muscle and brain. These compounds can
exert a nonspecific buffering function during muscle performance; however, 
this property seems to be restricted to muscle tissue and plays only an 
accessory role in the overall potent buffering effect of cytosolic 
proteins/components (Boldyrev et al., 1988). On the other hand, it is well 
known that some physiological processes such as muscle performance and 
electrical conduction along nerve fibers involve free radical lipid peroxidation in
biological membranes, and that skeletal muscle and brain are two of the 
tissues which have the most active oxidative metabolism (Vladimirov and 
Archakov, 1972; Evans, 1993). By contrast, these tissues do not possess very 
high concentrations of antioxidants vitamins E and C (Hornig, 1975; Kornbrust 
and Mavis, 1979). In particular, neurons contain very low levels of reduced 
glutathione, an antioxidant responsible for removal of cytosolic peroxides 
(Slivka et al., 1987), and their membranes contain a high proportion of free-
radical-susceptible polyunsaturated fatty acids (see Evans, 1993). Interestingly 
enough, several studies demonstrated a significative antioxidant activity for 
carnosine-related dipeptides, both in muscle and brain tissue (see for example 
Boldyrev et al., 1987, 1988, 1997; Kohen et al., 1988; Boldyrev, 1993). The 
activity showed by these dipeptides is due to the imidazole moiety of the 
molecule, and consists of several anti-oxidant properties, i.e. stabilization of 
membranes (Boldyrev et al., 1988), scavenging of free radical intermediates 
(Kohen et al., 1988; Salim-Hanna et al., 1991; Pavlov et al., 1993), chelation of 
divalent transition metals such as iron, copper and zinc (Brown, 1981; Kohen et
al., 1988; Klebanov et al., 1998), elimination of lipid peroxidation products in a 
nonenzymatic way (Boldyrev et al., 1987; Dupin et al., 1987). These properties 
are strictly related to each other; for example, important compounds in free 
radical biochemistry, such as hydrogen peroxide, in the presence of transition 
metal ions produce the more reactive and damaging hydroxyl radical 
(Cheeseman and Slater, 1993). Recent studies, carried out on cultured 
fibroblasts, described an antisenescent effect of carnosine (McFarland and 
Holliday, 1994). Since oxidative DNA damage is considered one of the main 
causes of cellular senescence, such an effect is probably linked to the anti-
oxidative properties of the dipeptide. Indeed, treatments with carnosine 
significantly reduce the formation of 8-hydroxy deoxyguanosine (one of the 
major products of oxidative DNA damage, Fraga et al., 1990) in fibroblast cell 
cultures (Sri-Kantha et al., 1996), and exert protective effects against 
malondialdehyde (a deleterious end-product of lipid peroxidation) in cultured 
brain endothelial cells (Hipkiss et al., 1997).
4.2. Inhibition Of Protein Glycosylation
Carnosine has been shown to act as a competitive inhibitor of non-enzymic 
glycosylation of proteins (Hipkiss et al., 1995). This consists of a series of 
posttranslational modifications in which protein amino groups and side chains 
react non-enzymatically with monosaccharides (forming the so called 'Amadori 
products'; Munch et al., 1997). The potential of carnosine to react with sugars is
linked to its aminoacid sequence, which is similar to Lys-His, namely the 
preferred glycation sites in proteins (Shilton and Walton, 1991; Hipkiss et al., 
1995). In the process of protein glycosylation, subsequent oxidations and 
dehydrations lead to the formation of a wide range of products referred to as 
advanced glycation endproducts (AGEs). The accumulation of AGEs in the 
brain, as a cause of ageing/degeneration, has been proposed to play a direct 
role in the etiology and pathogenesis of Alzheimer's disease (Smith et al., 1995;
Munch et al., 1997). Moreover, the reactions leading to the AGEs formation are 
accelerated by transition metals (which oxidize the protein-bound Amadori 
products) and involve the formation of oxigen free radicals.
Thus, it appears evident that carnosine possesses a wide range of properties 
which enable it to act in different, but related, ways (as antioxidant, metal 
chelator, free radical scavenger, inhibitor of protein glycosylation), to prevent 
several types of damage responsible for cell senescence.
4.3 Putative Neurotransmitter
The detection of high levels of carnosine in the olfactory system of several 
mammalian species (Margolis, 1974; Neidle and Kandera, 1974; Wideman et 
al., 1978; Burd et al., 1982) including humans (Kish et al., 1979), and its 
specific localization in the olfactory receptor neurons (Sakai et al., 1987, 1990; 
Biffo et al., 1990), led to the hypothesis that the dipeptide could exert a 
putative role in neurotransmission within this sensory system (Margolis, 1974, 
1978, 1980). The olfactory receptor neurons (primary olfactory neurons) are 
typical bipolar neurons located among non-neuronal supporting cells in the 
olfactory neuroepithelium lining the nasal cavity (Fig. 1). These receptor cells 
send their axon to the glomerular layer of the olfactory bulb, where they make 
synapses with the dendrites of mitral, tufted and periglomerular cells. 
Immunocytochemical studies carried out at both the light and electron 
microscopical level, clearly showed that carnosine is contained within these 
axons (Sakai et al., 1987; Biffo et al., 1990) and in their synaptic terminals 
(Sakai et al., 1988; Sassoè Pognetto et al., 1992, 1993). At present, the 
aminoacid glutamate is the main excitatory neurotransmitter candidate in 
several sensory systems (Nicholls and Attwell, 1990), including the primary 
olfactory pathway (Berkowicz et al., 1994). By using post-embedding 
immunogold techniques, the coexistence of carnosine and glutamate has been 
demonstrated in the synaptic terminals of the mouse olfactory neurons 
(Sassoè-Pognetto et al., 1993), as well as in hair cells of the inner ear 
(Panzanelli et al., 1994) and photoreceptors of frogs (Panzanelli et al., 1997). 
These data, along with the existence of carnosine synthetase and carnosinase 
activities in the olfactory bulb and mucosa (higher than in other brain regions 
or tissues, Margolis, 1978; Harding and O'Fallon, 1979) and of binding sites for 
carnosine in the olfactory bulb (Hirsch et al., 1978; Hirsch and Margolis, 1979), 
support the hypothesis for an unknown role of the dipeptide carnosine in 
neuromodulation in glutamatergic sensory neurons. Nevertheless, biochemical 
studies indicated that carnosine is localized in the cytosol of the olfactory bulb 
and epithelium, not associated with synaptic vesicles (Harding and O'Fallon, 
1979); indeed, morphological studies carried out using high resolution 
techniques were not able to clearly show a high concentration of the dipeptide 
in synaptic vesicles (Sassoè-Pognetto et al., 1993). A calcium-dependent 
depolarization stimulated release of carnosine has been shown in olfactory bulb
synaptosomes (Rochel and Margolis, 1982) and inward current responses have 
been induced in olfactory bulb cultured slices after application of carnosine 
(Kanaki et al., 1997); however, it is known that carnosine leaks out of tissue 
during preparation of synaptosomes or tissue slices and can also be released 
as a slow spontaneous process which is independent of depolarization 
(Margolis, 1974; Rochel and Margolis, 1982). Definitive physiological evidence 
for a role of this dipeptide in neurotransmission is at present unavailable. 
Indeed, in vivo studies have provided conflicting results. Direct injection of the 
dipeptide into the olfactory bulb glomerular layer of rabbits revealed an 
increase in frequency of evoked potentials within the first minute after injection
(Gonzalez-Estrada and Freeman, 1980), but carnosine applied by 
microiontophoresis in the rat olfactory bulb was mainly without effect on mitral 
cells (MacLeod and Straughan, 1979). Similarly, Nicoll et al. (1980) found no 
effect using in vitro preparations of the turtle and frog olfactory bulb. Finally, a 
glutamate receptormediated release of carnosine and b-alanine, dependent on 
elevated intracellular Ca2+, has been recently shown to occur in 
oligodendrocytes (Bakardjiev, 1998), its functional implications being at 
present unknown.
4.4. Structural Plasticity
The presence of carnosine in the olfactory receptor neurons has been 
generically put in relation with their property to undergo striking plasticity 
during adulthood. For a long time these receptors were considered as a unique 
neuronal population capable of intense cell renewal, including a continuous 
growth of their axonal processes directed to the olfactory bulb (for review see 
Graziadei and Monti Graziadei, 1978; Brunjes and Frazier, 1986). This feature is
linked to the existence of precursor cells in the basal layer of the olfactory 
neuroepithelium, which assure a continuous neurogenesis throughout life 
(Caggiano et al., 1994; Calof et al., 1998). However, among the different cell 
types existing in the olfactory mucosa (basal cells, supporting cells and 
receptor neurons at different maturation stages; Brunjes and Frazier, 1986; 
Calof et al., 1998; Fig. 1), the expression of carnosine is restricted to the 
mature olfactory receptor neurons, as confirmed by double labelling with 
specific immunocytochemical markers (Margolis, 1972).
5. CONCLUDING REMARKS
One century after the first description of carnosine, its role in the nervous 
system remains unresolved. Several hypothesis have been proposed to explain 
the function of carnosine and carnosine-related dipeptides in different tissues, 
as well as in different areas of the nervous system. In the latter, a rather 
heterogenous distribution involving very different cell populations makes it 
difficult to build an unified theory. In the past, the high expression of carnosine 
in the mammalian olfactory receptor neurons suggested a role for this 
dipeptide as a neurotransmitter/modulator in olfaction (Margolis, 1974, 1978, 
1980). However, evidences supporting such an issue are at present 
inadequate, and do not explain the localization of the dipeptides in other cell 
populations. Alternatively, carnosine has been linked to the capability of the 
olfactory receptor neurons to undergo cell renewal throughout life, although no 
biological functions supporting this assumption have been found.
Recently, consistent carnosine-LI has been described within the SEL of rodents 
(Peretto et al., 1998), another area of the forebrain wherein neurogenesis 
continues during adulthood. The SEL and the olfactory neuroepithelium are two
regions of the nervous system which share important similarities. They are both
part of the olfactory system and are characterized by striking structural 
plasticity, including neurogenesis, although a long term survival and 
incorporation of newly generated cells in the olfactory bulb neural circuits have
not yet been demonstrated (Garcia-Verdugo et al., 1998; Peretto et al., 1999). 
Furthermore, both these sites are thought to contain a population of stem cells,
although those isolated from the SEL appear to be multipotent (Weiss et al., 
1996) whereas the putative stem cells of the olfactory neuroepithelium would 
be restricted to the neuronal lineage (Caggiano et al., 1994; Calof et al., 1998). 
On the other hand, remarkable differences also exist between these two 
populations of new formed cells. First, cells generated in the SEL, unlike the 
olfactory receptors, undergo a long distance migration prior to their 
differentiation. Second, in the olfactory epithelium carnosine-LI is present in 
mature olfactory receptors (Sakai et al., 1987), whereas in the SEL it is only 
transiently detectable in undifferentiated cells of the tangential tract, being 
absent in migrating and differentiating neuroblasts of the olfactory bulb 
(Peretto et al., 1998). These observations suggest that carnosine-related 
dipeptides in the SEL, rather than being involved in the processes of cell 
renewal, could be associated with the particular type of tangential (chain) 
migration occurring therein. This idea is supported by the finding of the first 
appearance of carnosine in this area in coincidence with the first morphological
evidence for chain migration (Peretto et al., 1998), and delayed in respect to its
earlier expression in olfactory receptor neurons. However, as discussed in 
section 3.3, it is unlikely that carnosine can be linked to cell migration itself.
Therefore, the recent finding of carnosine-LI in the SEL does not help in 
understanding the role of these molecules in the brain, rather it suggests that 
they are not related to cell renewal. On the other hand, it is worth noting that 
most cells of the adult brain containing carnosine-related dipeptides share 
some features. Interestingly, these cell populations continue to express 
vimentin during adulthood (Shaw et al., 1981; Pixley and De Vellis, 1984; 
Bonfanti et al., 1993; Peretto et al., 1997). Vimentin is a cytoskeletal, 
intermediate filament protein very abundant during development, which can be
found in immature glial cells, including radial glia (Bignami et al., 1982; Dahl et 
al., 1981), and in highly undifferentiated neuronal precursors (Cochard and 
Paulin, 1984). In adult animals, although mainly replaced by other intermediate
filament proteins such as GFAP in glial cells and neurofilament triplet protein in 
neurons (see Steinert and Roop, 1988; Gorham et al., 1991), vimentin persists 
in many cell populations which are enriched in carnosine-related dipeptides, 
namely cerebellar Bergmann glia, ependymal cells, tanycytes, a sub-population
of astrocytes in large myelinated bundles (Shaw et al., 1981; Pixley and De 
Vellis, 1984), radial glia-like cells in the supraoptic nucleus (Bonfanti et al., 
1993), astrocytes of the glial tubes (Peretto et al., 1997), and olfactory receptor
neurons (Schwob et al., 1986; Gorham et al., 1991). This transition from a 
precursor type of intermediate filament proteins (vimentin), to more specialized
ones, has also been described to occur in skeletal muscle cells (Granger and 
Lazarides, 1979). The relationship between vimentin and carnosine in cells of 
the neuronal lineage is intriguing: during development, the expression of 
vimentin in these cells is restricted to undifferentiated precursors whereas in 
the adult olfactory neuroepithelium, which contains many undifferentiated 
neuronal precursors in the basal layer, vimentin is detectable exclusively in the
mature olfactory neurons (Schwob et al., 1986; Gorham et al., 1991), namely 
the cells containing carnosine.
In previous studies, it has been suggested that vimentin expression could be 
related to the connections with increased extracellular fluid compartments or 
direct contact with cerebrospinal fluid, primarily due to its localization in 
ependymal cells and tanycytes (Pixley and De Vellis, 1984). Tanycytes are 
thought to be involved in protective mechanisms in brain regions which lack a 
blood-brain barrier (also referred to as circumventricular structures), being 
exposed to blood-borne substances which have to be continuously removed 
from the extracellular space (see Wagner and Pilgrim, 1974; Bruni, 1998). 
Among these regions is the subfornical organ, which contains ependymal cells 
and tanycytes and can act as a chemoreceptive area implicated in the 
transcellular transport required for water balance (Dellmann, 1998). Besides 
ependymal cells, glial cells are critically involved in the control of brain volume 
homeostasis, mediating the flow of water between the cerebrospinal fluid, the 
intravascular space and the intercellular space, a view recently supported by 
the identification of specific aquaporins (see for example Nielsen et al., 1997). 
Also astrocytes in large myelinated tracts, although not in contact with blood 
vessels, could have some connections with large extracellular spaces, which in 
white matter are wider than in gray matter (Lee and Bakay, 1966; Klatzo, 
1967). More in general, carnosine-LI is abundant in the glial coverage of blood 
vessels, and a protective effect exerted by this dipeptide on brain endothelial 
cells has been described (Hipkiss et al., 1997; Preston et al., 1998).
As to the remaining glial cell types, cerebellar Bergmann glia and radial glia-
like cells in the supraoptic nucleus represent a remnant of the embryonicradial 
glia (references in Shaw et al., 1981; Pixley and De Vellis, 1984; Bonfanti et al., 
1993). Astrocytes of the glial tubes also display some features of radial glia, 
since they contain vimentin and glycogen granules (Jankovski and Sotelo, 
1996; Peretto et al., 1997). Within this context it is worth noting that the SEL, 
as a remnant of the primitive subventricular zone, retains several embryonic 
features, among which there is the tendency of the cells to shrink during 
fixation, leaving enlarged extracellular spaces (Jankovski and Sotelo, 1996; Lois
et al., 1996; Peretto et al., 1997). It is accepted that extracellular spaces are 
wider in the embryonic versus the mature nervous tissue; for example, during 
the postnatal maturation of the rat cerebral cortex, the extracellular space was 
found to diminish dramatically during the first three postnatal weeks of age 
(Bondareff and Pysh, 1968; Caley and Maxwell, 1970). Moreover, the existence 
of chain migration in the SEL, involving large amounts of neuroblasts which 
advance at a speed three to six times faster in comparison to that observed 
during CNS development (see Wichterle et al., 1997), likely implies rapid and 
striking variations in the extracellular spaces. Similar features, consisting of an 
“embryonic” environment which persists into a mature tissue, with relevant 
phenomena of structural plasticity occurring between neurons and glia, have 
also been described in the hypothalamic supraoptic nucleus (Theodosis and 
Poulain, 1993), another brain structure involved in osmosensation and 
regulation of body water balance.
In conclusion, elements containing carnosine-related dipeptides and vimentin, 
although heterogeneous as to their nature and localization, have at least one 
portion of the cell contacting wide extracellular space or cerebrospinal fluid, 
and/or situated in a portion of the nervous tissue which retains embryonic 
features. The presence of carnosine in the olfactory receptor neurons can be 
considered within the same context, since the olfactory neuroepithelium is 
directly exposed to the external environment and is continuously renewed 
(Biffo et al., 1990). In our opinion, the hypothetical role(s) of carnosine-related 
dipeptides could be linked to some common feature(s) concerning the 
metabolism of these cell populations, although no direct evidence in this 
direction is at present available. Nevertheless, there is strong evidence that 
carnosine and structurally related dipeptides possess a wide range of 
properties, such as antioxidant, metal chelator, free radical scavenger, inhibitor
of protein glycosilation (Boldyrev et al., 1987, 1988, 1997; Kohen et al., 1988; 
Boldyrev, 1993; Hipkiss et al., 1995; Preston et al., 1998; for review, see 
Hipkiss, 1998), which enable them to prevent several types of damage 
responsible for cell senescence (McFarland and Holliday, 1994; Sri-Kantha et 
al., 1996). Thus, carnosine-related dipeptides could exert a protective role in 
cell populations of the nervous system which, due to their location and/or 
function and metabolism, can come in contact with potentially harmful 
substances. In perspective, the hypotheses discussed in the present review 
need to be assessed by searching for a link between such protective effects of 
carnosine and the metabolism of specific cell populations of the mammalian 
brain.
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